To investigate their potential mechanisms of action, the nucleoside analogue ribavirin and a TLR9 agonist were compared. The CpG oligodeoxynucleotides (ODN) demonstrated strong TLR9-related Th1-type effects, and ribavirin appeared only to mediate signaling in TLR-transfected cells. CpG ODN represent a promising new type of therapeutic drug for hepatitis C or other infectious diseases.
Ribavirin is used for the treatment of chronic hepatitis C virus (HCV) infection in combination with recombinant alpha interferon (IFN-␣) (2) . Chronic HCV infection appears to result from Th2-biased immune responses against HCV antigens. The resultant lack of an efficient immune response is probably due to direct infection of immune cells and especially dendritic cells (DC) by HCV that might interfere with the development of Th1 responses (4, 10) . The mechanism by which ribavirin contributes to the effects of IFN-␣ in HCV therapy is not well understood, but several possibilities of direct or indirect effects induced by ribavirin have been proposed (8) . These include the possibilities that ribavirin acts directly as a viral inhibitor or as an RNA mutagen, indirectly enhances host T-cell-mediated immunity against viral infections, or inhibits the host enzyme IMP dehydrogenase (11) . Few reports have investigated in more detail the possibility of ribavirin acting by itself as a direct immune modulator and its potential mechanism of action.
Short oligodeoxynucleotides (ODN) containing unmethylated CpG dinucleotides are potent Th1 immune stimulators and act via Toll-like receptor 9 (TLR9) (6, 13) . In this study, we compared and contrasted the direct and indirect immune effects of both ribavirin and a TLR9 ligand, CpG ODN 2006.
Human peripheral blood mononuclear cells (PBMC; 5 ϫ . Protein levels were measured using commercially available enzyme-linked immunosorbent assay (ELISA) kits (Diaclone, Besançon, France) or an in-house ELISA for IFN-␣ (PBL, New Brunswick, N.J.). Ribavirin, in contrast to the CpG ODN, had no effect on B cells or the secretion of any tested cytokine or chemokine, suggesting that it does not have stimulatory effects alone, at least not for these read-outs and at the concentrations used ( Fig. 1 and 2 ).
The CpG ODN stimulated significant secretion of Th1-like cytokines and chemokines ( Fig. 1 and 2 ). The bell-shaped nature of some of these effects may be explained by negative feedback loops (14) . CpG-stimulated IFN-␣ is derived from TLR9-expressing plasmacytoid DC (pDC) (13) . It is tempting to speculate that a potent and direct TLR-dependent stimulation of pDC and Th1-like cytokine production might at least partially overcome weak cellular immune responses observed in chronic virus infections (4, 10) .
We also compared the effects of CpG ODN with those of another microbial stimulus, the TLR4 ligand LPS (15) . LPS induced a distinct pattern of cytokine secretion when compared to the TLR9 ligand ( Fig. 1 and 2) . In contrast to LPS, CpG ODN 2006 produced lower amounts of IL-6 or IL-10 but stimulated strong IFN-␣ and IP-10 secretion and B-cell proliferation. This indicates that TLR9 and TLR4 ligands act, at least in part, through distinct intracellular signaling pathways and that CpG ODN promote strong Th1 and humoral immune responses.
It has been noted previously that in vitro ribavirin has T-cellpolarizing effects and does dampen Th2 cytokine secretion while enhancing Th1 cytokine production (9, 12) . Upon culture of human PBMC for 48 h in the presence of the superantigen staphylococcal enterotoxin B (SEB; 50 ng/ml; Sigma), addition of ribavirin or of CpG ODN appeared to result in decreased IL-5 secretion (Fig. 3) . The observation that this effect was obtained only at 25 M ribavirin might be explained by the usage of PBMC instead of the purified T cells in previous reports that required lower concentrations (8) . Another possibility is that ribavirin becomes toxic at higher concentrations, although up to 400 M ribavirin was previously reported to be noncytolytic on human PBMC (9) and serum drug concentrations of up to 50 M are found in patients receiving the drug (3).
Nucleic acid derivatives like R-848 or substituted guanosine nucleosides can stimulate immune effects via TLR7 or TLR8 . Ribavirin could possibly, as a purine analogue, induce TLR7-or TLR8-mediated signaling. We, therefore, incubated nonresponsive HEK293 cells stably expressing human TLR7 or TLR8 (1, 7) and a 6ϫ NF-B-luciferase reporter with increasing concentrations of the TLR7 and TLR8 agonist R-848 (commercially synthesized by GLSynthesis, Worchester, Mass.) or ribavirin for 16 h (Fig. 4) . Each data point was done in triplicate, and cells were lysed and assayed for luciferase gene activity (BriteLite kit; Perkin-Elmer, Zaventem, Belgium). Stimulation indices were calculated in reference to medium alone. R-848 stimulated strong TLR7-and TLR8-mediated signaling. Ribavirin appeared to stimulate NF-B activation in these transfectants in a dose-dependent manner, although the stimulation index did not exceed twofold and NF-B stimulation could be observed only at high concentrations. Detectable NF-B activation was not observed in TLR9-transfected HEK293 cells that were efficiently stimulated by ODN 2006 (data not shown) (14) . Nevertheless, ribavirin did not stimulate considerable NF-B activation in the TRL7 and TLR8 transfectants at the biologically active in vitro concentrations (1 to 5 M) or at concentrations present in patients receiving the drug (about 50 M) (3, 9, 12) . Further studies have to evaluate if the observed effects at high concentrations indeed reflect stimulation mediated by TLR7 and TLR8. In summary, CpG ODN were demonstrated to be potent immune activators which preferentially promote antiviral and Th1-like cytokine patterns in vitro. In contrast, ribavirin appeared not to induce detectable immune effects in the absence of a strong stimulus. Nevertheless, our data suggest another potential mechanism of action of ribavirin mediated via TLR7 and TLR8. The detailed mechanism by which ribavirin contributes to IFN-␣ therapy in HCV remains to be further elucidated. CpG ODN are promising candidates for the treatment of HCV or other viral diseases because they directly stimulate TLR9-mediated pDC activation, promote potent Th1-type responses, and reduce Th2 immune activity.
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